In this paper, the polarization dependent optical properties of InGaN/GaN multi-quantum wells (MQWs) LED with cascading plasmonic gratings are investigated using an angle-resolved photoluminescence (ARPL) spectrometer. The plasmonic gratings consist of two Ag gratings with a half-pitch displacement. The ARPL spectra of the TE-TM state present a broadband emission with resonance dips occasioned by the SP resonance while the TM-TE state presents resonance peaks with low sideband emission. The resonance properties can be tuned by modifying the geometric parameters of the plasmonic grating. The ARPL spectrum of the LED sample with pure GaN 1D grating is also measured and discussed. The investigated plasmonics LED represents resonance optical properties different from the conventional surface relief LED, which can be used in special applications.
Introduction
GaN is one of the most promising semiconductors for optoelectronic applications in the blue spectral region. The commercialization of bright blue and green light emitting diodes (LED) based on group-III nitrides is a milestone in the competition for blue light sources which are important for fabricating full-color displays.
However, the high refractive index of GaN prohibits light beyond a critical angle from being extracted due to the total internal reflection. A large fraction of the light generated is trapped inside the LED and absorbed by non-radiative absorption centers. The internal absorption loss of the LED additionally increases as its chip size is enlarged, and as a consequence, much more heat is generated. Versatile approaches have been proposed and demonstrated to improve the output efficiency of III-nitride-based LEDs, such as surface texturing of LED and/or substrate [1, 2] , photonic crystals (PhCs) [3, 4] , micrometer-scale LEDs (μ-LEDs) [5, 6] , thin GaN structures [7, 8] , and flip-chip packaging [9, 10] . Since Okamoto et al. reported a huge 14-fold PL enhancement and a 6.8-fold IQE enhancement of InGaN quantum wells (QWs) by QW-SP coupling, the SP-enhanced LED, plasmonic LEDs have attracted great interests. Through controlling the energy transfer between QW emitters and SPs, it has been demonstrated that the density of states, the spontaneous emission rate and internal quantum efficiency in the LED can be significantly increased [11] [12] [13] [14] [15] [16] [17] [18] . In order to arouse the effects of plasmonic LED, the distance between the metal layer and the QWs is critical. The distance should be shorter than the penetration depth of the SP fringing field in to the GaN. In addition, rough metallic surfaces are needed to scatter the SP into free space. For instance, nano particles, i.e. the use of localized surface Plasmon (LSP), are applied and present similar results [19] . It has been found that IQEs can reach almost 100% efficiency under the best matching condition between the emission wavelength and the SP frequency. It is expected that full color devices and natural white LEDs can be created by using only InGaN/GaN material by combining plasmonic structures [20] .
In this study, we investigate the optical properties of InGaN/GaN QWs LEDs with two cascading plasmonic gratings. The plasmonic gratings consist of two Ag gratings with a halfpitch displacement. The polarization dependent ARPL spectra of the plasmonic LED are measured. The investigated plasmonics LED represents resonance optical properties different from the conventional surface relief LED, which can be used as special applications. Figure 1 shows a schematic representation of the investigated structure, the InGaN/GaN MQWs LED with surface relief structures. The LED wafer used in this study was grown using metal organic chemical vapor deposition (MOCVD) technology. The GaN film is grown on the 2-inch diameter and (001) orientation sapphire surface. The total thickness of the GaN epitaxy layer, including the buffer layer, n-GaN, MQWs and p-GaN and so on, is about 5μm. The peak wavelength of the GaN wafer is designed to be 460nm. An 1D grating was fabricated on the GaN film by using e-beam lithography and inductively coupled plasma (ICP) dry etching techniques. The grating periodicity is denoted by Λ g . Two samples with periods of 0.3μm and 0.5μm are made. Figure 2 shows the scanning electron microscope (SEM) pictures of the fabricated GaN grating. The etching depth of the sample is measured by using Atomic force microscopy (AFM) and listed in Table 1 . After the GaN grating is made, an Ag film with a thickness of 50nm is deposited by using E-gun evaporator. Finally, two cascaded Ag gratings with a half-pith displacement were fabricated. The gap between the two gratings is denoted as G Ag . There is no Ag coating on the sidewall of the grating which is measured by using SEM. In addition, the distance between the topmost QWs and the bottommost of silver grating is 20nm which is within the penetration depth for SP at the Ag/GaN interface. The theoretical penetration depth (Z) of the SP fringing field into the semiconductor is given by
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1/2 where ε ' GaN and ε ' Ag are the real parts of the dielectric constants of the GaN and Ag, respectively [19] . The theoretical penetration depth is Z = 42nm for λ = 460nm. Therefore, the topmost QW can be coupled by the SP. However, most of the QW layers are out of the penetration depth of SP at the Ag/GaN interface. 
Description of the angle-resolved photoluminescence spectrum measurement
A schematic representation of the angle-resolved photoluminescence spectrum (ARPL) setup is shown in Fig. 3 . The pumping source of the ARPL spectrum is a diode laser with a wavelength of 405nm and an output power of 17mW. The pumping light normally impinges on the sample from the sapphire substrate to the grating structure. The polarization of the laser is controlled by a linear polarizer. Two orthogonal polarization states, TE and TM, are used through all of the ARPL measurements. Here, TE is defined as the electric field parallel to the grating grooves and TM is defined as the magnetic field parallel to the grating grooves. The emission light is collected by a multimode fiber with a core diameter of 600μm. The polar emission angle is denoted as θ. The working distance between the fiber and the rotation center of the ARPL spectrometer is 5cm. Similar to the pumping source; the polarizationdependent PL signal can be measured by placing an analyzer (i.e. a linear polarizer) in front of the multimode fiber. The analyzer is controlled so that it remains normal to the polarization state of the pumping source. When the pumping source is TE-polarized, the output fiber collects the TM-polarized PL signal. We call this type of PL measurement TE-TM state.
When the pumping source is TM-polarized, the output fiber collects the TE-polarized PL signal. We call this type of PL measurement the TM-TE state. The emissions of the structure are recorded as a function of both incident wavelength and incident angle using a computer controlled rotating stage to support the structure being examined. Although the pumping source is polarized, the excited PL signal presents a spontaneous emission nature which is unpolarized. Therefore, the pumping source can be shuttered by using the cross polarizer set. The PL signal can still be detected due to the random polarization. Figure 4 shows the ARPL spectra of the TE-TM state for grating periods 0.3μm and 0.5μm, respectively. The dark regions correspond to low emittance. Owing to the fact that the pumping source normally impinges on the symmetric structure, the ARPL spectrum for θ = 0° to θ = 90° is identical to that for θ = 0° to θ = 90°. Thus, only half of the ARPL spectrum is shown. Because the polarization of the 405nm pumping source is parallel to the grating grooves, it cannot arouse the SP coupling effect between the metallic grating and the pumping source. However, the emission light is unpolarized. Thus, parts of the unpolarized light may still couple with the SP. The blue lines show the grating coupled SP dispersion relation of the GaN/Ag interface, i.e. the moment conservation equation, k sp = k 0 ((ε m × ε d )/(ε m + ε d )) 1/2 = k x + m(2π/Λ g ), where k sp is the wave vector of the SPPs; ε m and ε d is the permittivity of Ag and air, respectively; k x is the parallel wave vector of the emission light; 2π/Λ g is the reciprocal lattice vector of the Ag grating; and m is an integer. The dispersive-complex permittivity for Ag (ε m ) can be referred to in reference [21] . The dashed and dotted lines represent m = 1, m = 2 and, respectively.
Angle-resolved photoluminescence spectrum of TE-TM mode
It can be seen in Fig. 4 (a) that there is a broad emission peak at 450nm. There is a dark fringe tilted from θ = 21° to θ = 30° for the emission wavelength at 430nm to 470nm. This fringe has a fair agreement with the SPP dispersion at Ag/Air interface for m = 1. Owing to the fact that the pumping source is TE-polarized, the generation of SPP is not excited by the pumping source. This reveals that parts of the emission light are coupled to SPP at the Ag/Air interface and dissipate during propagation which leads to a dark fringe. In general, if nothing is done to recover power lost to SP modes, they then contribute to the nonradiative loss. However, some methods have been proposed to couple SPs to produce useful radiation [22, 23] . As the grating period is increased from 0.3μm to 0.5μm, the dark fringe is tilted from θ = 12° to θ = 5° for the emission wavelength from 430nm to 470nm. This fringe has a fair agreement with the SPP dispersion at the Ag/Air interface for m = 1 as well. The theoretical SPP dispersion at the Ag/Air interface for m = 2 is also shown in Fig. 4(b) . However, owing to the fact that the emission light is faint, the corresponding dark line is barely observable in the experimental results. 
Angle-resolved photoluminescence spectrum for the TM-TE mode
For the TM-TE state, the ARPL spectrum of the plasmonic LED shows a clear resonance peak red-shift from 453.3nm to 456.8nm as the collecting angle increases from 35° to 37° for a period of 0.3μm as shown in Fig. 5(a) . The resonance wavelength shifts 1.8nm/deg. Owing to the LED being covered by plasmonic structures, most of the off-resonance light, no matter whether for the leakage or bound modes, is back reflected. When the period is 0.5μm, two resonance peaks can be found as shown in Fig. 5(b) . One resonance peak red-shifts from 448.8nm to 452.3nm as the collecting angle increases from θ = 14° to θ = 16° while the other one blue-shifts from 462.7nm to 458.0nm as the polar emission angle increases from θ = 35° to θ = 37°. The wavelength shift of the red-shift and blue-shift peak is 1.8nm/deg and 2.4nm/deg, respectively. When the polar emission angle is fixed as θ = 14°, the resonance wavelength of the plasmonic LED with a period of 0.5μm is 449nm and the full width half maximum is 6nm, i.e. the Q value of the resonance peak is 75. These dispersion curves neither conserve with the SP dispersion for the Ag/Air interface nor for the Ag/GaN one. The slope of the dispersion curve for 0.3μm is more gradual than for the 0.5μm case. In other words, the effective index for 0.3μm is larger than that for 0.5μm. A straightforward idea to explain this is that one of waveguide modes inside of the GaN film is coupled out by the grating, i.e. the band folding of the free-photon dispersion. However, the thickness of the GaN thin film layer is about 5μm which can support tens of TE and TM waveguide modes. In such a thick planar waveguide, the propagation constants of TE and TM modes are close to each other. In addition, the higher order branch of the folded dispersion line is close to the lower order one. Consequently, there should be tens of folded free-photon dispersion lines. However, only single dispersion line is observed in the spectral range from 430nm to 490nm. Therefore, the sharp resonance peak is not a waveguide mode otherwise similar experimental results should be presented for the TE-TM mode. In order to be compared with the optical properties of the plasmonic LED, the ARPL spectrum of a pure GaN grating, i.e. without being coated with a Ag layer, is also measured. As shown in Fig. 6 , there are three kinds of resonance features in the ARPL spectrum. The broadest periodic oscillating peaks arise from the interference between forward (Air/GaN interface) and back (GaN/sapphire) scattered modes is the Fabry-Perot (FP) resonance. These FP resonances are not observed in the plasmonic samples. The narrower oscillating peaks, marked with a blue dashed circle are due to the waveguide modes inside the GaN waveguide coupled out by the grating [24] . The nature and number of the optical modes in the GaN layer is dictated solely by the geometric parameters and optical constants of the LED structures. In the case where waveguide modes can be coupled out, this depends not only on the available modes but also the corresponding distribution of the waveguide modes themselves and the modulation of the grating. The peaks of the coupled out waveguide modes are close because the propagation constants of the neighboring modes are similar due to the nature of a thick planar waveguide. It also shows resonance peaks with dispersion properties identical to the plasmonic LEDs for both 0.3μm and 0.5μm samples. In such a thick GaN layer, i.e. a thick planar waveguide, the dispersion line for TE mode and for TM mode is theoretically close. Therefore, the ARPL spectrum of TE-TM state should present similar resonance peaks. However, these resonance peaks of TM-TE state were not observed as a TE-TM state. In addition, the resonance peak can be observed in samples regardless of whether the grating is coated with Ag or not. Thus, we think that this resonance might be due to the surface polariton resonance. The blue dotted circle in Fig. 6(b) indicates the 405nm pumping source diffracted by the GaN grating. The plasmonic structure consists of two cascading metallic gratings. The gap between the two gratings is about 130nm. Therefore, the TE-polarized 405nm pumping source is cut-off. In addition the TM-polarized 405nm sample is attenuated as well. Owing to the fact that the sample with pure GaN grating lacks a metallic structure to reduce the background from the pumping source, the diffraction of the pumping source can be observed.
Conclusion
In this study, we investigate the polarization dependent ARPL spectra of InGaN/GaN QWs LED with two cascading plasmonic gratings. The plasmonic gratings consist of two Ag gratings with a half-pitch displacement. The ARPL spectra of the TE-TM state present broadband emission with resonance dips occasioned by the SP resonance. The TM-TE state presents resonance peaks with low sideband emission. All of these resonance properties can be tuned by modifying the geometric parameters of the plasmonic grating, especially the grating period. The ARPL spectrum of the LED sample with pure GaN 1D grating is also measured and discussed. The ARPL spectrum of the TM-TE state shows three kinds of resonance peaks, FP resonance, the guided-mode resonance and the surface polariton resonance. The investigated plasmonics LED represents resonance optical properties different from the conventional surface relief LED. They can be used in special applications, for example, for efficient angle-selected chromatic devices.
